We discuss the discovery potential of extended very-high-energy (VHE) neutrino sources by the future KM3 Neutrino Telescope (KM3NeT) in the context of the constraining power of the Cherenkov Telescope Array (CTA), designed for deep surveys of the sky in VHE gamma rays. The study is based on a comparative analysis of sensitivities of KM3NeT and CTA. We show that a minimum gamma-ray energy flux of E 2 φ γ (10 TeV) > 1 × 10 −12 TeV cm −2 s −1 is required to identify a possible neutrino counterpart with a 3σ significance and 10 years of KM3NeT observations with upgoing muons, if the source has an angular size of R src = 0.1 deg and emits gamma rays with an E −2 energy spectrum through a full hadronic mechanism. This minimum gamma-ray flux is increased to the level of E 2 φ γ (10 TeV) > 2 × 10 −11 TeV cm −2 s −1 in case of sources with radial extension of R src = 2.0 deg. The analysis methods are applied to the supernova remnant RX J1713.7-3946 and the Galactic Center Ridge, as well as to the recent HAWC catalog of multi-TeV gamma-ray sources.
Introduction
The progress made in ground-based gamma-ray astronomy over the last two decades has lead to the detection of more than 200 very-high-energy (E ≥ 200 GeV) sources reported by the H.E.S.S. [1] , MAGIC [2] , VERITAS [3] and HAWC [4] collaborations. Recently, success has been reported also in neutrino astronomy by the detection of a diffuse flux of multi-TeV neutrinos of extraterrestial origin by the IceCube collaboration [5] . In the feasible future, the upgraded IceCube and the planned KM3NeT neutrino telescopes will serve as the major tools of VHE neutrinos. Apparently, the identification of objects contributing to the reported diffuse neutrino flux, as well as the discovery of discrete sources of VHE neutrinos is the major objective of neutrino astronomy for the coming years. So far, no clear association between any class of astrophysical sources and cosmic neutrinos has been identified. Despite the broad class Email addresses: lucia.ambrogi@gssi.infn.it (L. Ambrogi), silvia.celli@gssi.infn.it (S. Celli) of potential neutrino sources and the different possible scenarios of neutrino production in astrophysical environments, the production mechanisms of VHE neutrinos are connected to the hadronic interactions of ultra-relativistic protons with the ambient gas and radiation. Namely, the major production channels of VHE neutrinos are the decays of charged π ± -mesons, the secondary products of hadronic pp and pγ interactions. Since these processes are accompanied by the production and decay of π 0 -mesons, the VHE gamma-rays and neutrinos are produced at comparable rates. Consequently, one would expect similar fluxes of gamma-rays and neutrinos. On the other hand, the ground-based gamma-ray detectors, in particular the current arrays of Imaging Atmospheric Cherenkov Telescopes (IACT), H.E.S.S., MAGIC and VERITAS, provide lower flux sensitivities for point-like sources around 1 TeV, compared to the sensitivities of the present IceCube and the forthcoming KM3NeT neutrino detectors. This circumstance reduces the chances of detection of discrete VHE neutrino sources, except for compact objects or sources located at cosmological distances. TeV gamma-ray fluxes from these objects are indeed expected to be suppressed because of both internal and intergalactic absorption, through photonphoton pair production interactions. In this regard, hidden sources constitute an interesting possibility for the explanation of the measured IceCube neutrino flux: these cosmic-ray accelerators, being surrounded by very dense environments, cannot be probed by gamma rays, while transparent to neutrinos. Among them, choked GRBs and supermassive black hole cores have widely been discussed in literature [6, 7, 8] : in these cases, neutrinos constitute crucial probes in shedding light on the central engine activity. Otherwise, the VHE gamma-ray fluxes should be taken as a robust criterion regarding the expectations of discovery of discrete VHE neutrino sources. Given the difference in the TeV flux sensitivities of IACT arrays and KM3-scale neutrino detectors, the gamma-ray fluxes are especially constraining for point-like sources. In this paper, a point-like source is called an astronomical object with angular extension less than the typical angular resolution of IACT arrays (∼ 0.1
• ). For mildly-extended sources with an angular size ∼ 1
• , which is one order of magnitude larger than the point spread function (PSF) of IACTs but still comparable to the PSF of VHE neutrino detectors, the gamma-ray flux sensitivity degrades, while the flux sensitivity of neutrino detectors does not change significantly. Presently, this leaves room for the discovery of extended neutrino sources in our Galaxy, given also the fact that the Galactic Disk has not been homogeneously covered by the current IACT arrays. On the other hand, in-depth surveys of the Galactic Disk in coming years by CTA could significantly improve this situation. Alternatively, in a more optimistic scenario, CTA could reveal on the sky bright extended regions of multi-TeV gamma-rays, and thus indicate the sites of potential detectable sources of VHE neutrinos. Here, we study this question based on the comparative analysis of the sensitivities of CTA and KM3NeT for extended sources. For this purpose, we have developed a common approach for calculations of sensitivities of CTA and KM3NeT. The method is based on the analytical parametrization of the main quantities (as functions of energy) characterizing the process of detection of gamma rays and neutrinos: the effective detection area, the point spread function, the energy resolution and the background rates. These functions for CTA have been provided in our previous work [9] using the results of the publicly available simulations performed by the CTA consortium. In this paper we present similar parametrizations for the neutrino detector based on the simulation results published by the KM3NeT collaboration [10] . Similar results are expected to hold for the IceCube-Gen2 detector [11] , whose performances however are not yet publicly available. Hence, we will focus on KM3NeT only here. The paper is structured as follows: in Sec. 2 we discuss the performances of CTA and KM3NeT, in particular their angular resolution, effective area and expected background rates. Then, in Sec. 3 we describe the procedure defined to compute the instrument sensitivity, considering different sizes of the sources and analyzing the different impact they have on the sensitivity of these instruments. As an application of this study, in Sec. 4 we consider the case of two galactic objects, for which the gamma-ray and neutrino connection has been widely discussed in literature [12, 13, 14, 15] . The young supernova remnant (SNR) RX J1713-3946 is presented in Sec. 4.1, while the region of the Galactic Center Ridge is investigated in Sec. 4.2, being both realistic candidate neutrino sources [16, 17, 18, 19, 20] . In addition to these scenarios, the second HAWC catalog of TeV sources is considered in Sec. 5, where potential sources for a neutrino detection are highlighted. Eventually, conclusions are derived in Sec. 6.
In this study, we do not explore different possible improvements of the sensitivities of both detectors by applying dedicated tools for the background rejection and for the reconstruction of the gamma-ray and neutrino induced events from extended sources. Further details on these dedicated tools are given in Sec. 3. Therefore, we cannot exclude some deviations of our results from the upcoming, more detailed and sophisticated studies by the CTA and KM3NeT consortia. In this regard, the results presented in this work can be considered as conservative estimates of sensitivities of both CTA and KM3NeT.
Detector performances
In this Section we discuss the sensitivities of CTA and KM3NeT. Both instruments are based on the Cherenkov technique, detecting the light induced by the passage of an ultra-relativistic charged particle in a given medium: the air in the case of IACTs and the water or the ice in the case of neutrino detectors. Although the same physical principle is applied, the reconstruction of the signal parameters and the background rejection are quite different. Both telescopes operate in the TeV domain, reaching the best performance between 1 and 10 TeV in the case of CTA and 10 to 100 TeV in the case of KM3NeT.
The Cherenkov Telescope Array
Although the principle of detection of gamma-rays by CTA is almost identical to the operation of the current H.E.S.S., MAGIC and VERITAS stereoscopic systems of IACTs, the angular resolution of CTA will be reduced down to 1-2 arcminutes, and the flux sensitivity will be improved compared its predecessors, by one order of magnitude. In order to view the whole sky, CTA will consist of two arrays of IACTs, one in the Northern (La Palma, Canary Islands) and one in the Southern (Paranal, Chile) hemisphere. The Southern array is aimed to study the major fraction of the Galactic plane including the Galactic Center region. One of the proposed layouts for the Southern observatory, the so-called 2-Q layout, consists of 4 large size telescopes (LSTs; 23 meter class, field of view (FoV) of the order of 4.5 deg) optimized for detections below 100 GeV, 24 medium size telescopes (MSTs; 12 meter class, FoV of 7 deg), covering the core energy of CTA, i.e. 100 GeV to 10 TeV, and 72 small size telescopes (SSTs; 4 meter class, FoV ranging from 9.1 to 9.6 deg), sensitive to energies above 10 TeV [21] . For this configuration, publicly available instrument response functions (IRFs) have been released by the CTA Consortium 1 , obtained through detailed Monte Carlo (MC) simulations of a point-like object placed at the center of the FoV and observed at a zenith angle of 20 deg (averaged between north/south-wise in azimuth). In our previous work [9] we parametrized these IRFs by simple analytical functions of energy. The results are presented in Tab. 1 and Fig. 1 . It should be noted that the IRFs released by the CTA Collaboration, and here considered, are the derived best responses which maximize at each energy bin the CTA differential sensitivity to point-like sources. Therefore, an improvement of the instrument performance is expected when using analysis cuts aimed to maximize the telescope potential to extended objects, which are the main topic of this paper.
The KM3 Neutrino Telescope
High-energy neutrino telescopes are three dimensional arrays of photomultipliers, where Cherenkov radiation produced by the neutrino interaction products are observed: the position, time and charge deposit are used to infer both the direction and the energy of the incoming neutrino. KM3NeT is an under-construction neutrino telescope [25] , located deep in the Mediterranean sea. In its final configuration, the detector will 1 The publicly available CTA performance files can be accessed at [22] . consist of 6 building blocks, each instrumented with 115 vertical detection units (DU): a DU is composed of 18 digital optical modules, each containing 31 PMTs [10] . Although neutrino detectors are sensitive to all neutrino flavors, from the point of view of reconstruction of arrival directions of primary neutrinos, the best channel is represented by charged current interactions of muon neutrinos resulting in the production of a muon, which is experimentally visible as a track. The main background source for this event sample is then constituted by atmospheric muons and the accompanying atmospheric neutrinos. In order to reduce atmospheric muons, only events coming from below the detector horizon are selected (the so called upward going sample), as they are absorbed in their path through the Earth. Although in this way the visibility to a given source is decreased, a cleaner sample of events can be selected. Alternatively, also events coming from above the detector horizon can be used, selecting a reduced fiducial volume of the detector. This is possible for high-energy events: in the case of KM3NeT, preliminary studies presented in [10] show that the containment requirements on muons with E µ > 10 TeV reduced the volume by about 20%. The same containment technique allows to include cascade events to neutrino searches: the usage of this additional channel would allow to significantly increase the sample statistics, given the full sky coverage of this event sample, lowering the instrument sensitivity, as extensively discussed in [10] .
The IceCube detector [27] has validated the search strategy for the detection of a neutrino signal: the first evidence for an extra-terrestrial flux of neutrinos was reported in [5] . Still nowadays, the origin of such a signal is unknown: it was pointed out in [28] and [29] that part of the detected flux might have been originated in the Galactic Plane. However, the latest constraints from both the ANTARES and the IceCube telescopes strongly tighten the possible Galactic contribution to the measured diffuse neutrino flux, as reported in [30, 31] . Further investigation of this scenario is necessary: a more extended statistical sample is required to test different scenarios, which is going to be provided by the next generation of neutrino telescopes. A good angular resolution is necessary to identify sources: water-based telescopes, as KM3NeT, will be able to reach an angular resolution as low as 0.2
• at 10 TeV in the track channel, as shown in Fig. 1 (top-left) . However, for very extended sources (more than 2
• in radius), also cascade events could be used in principle for astronomy: the atmospheric background for shower events is significantly smaller than that for muon neutrinos, allowing for a clearer signal detection. Finally, the energy reso- [10] . Dotted curves are the best fit, valid in the energy range E ∈ [0.05−100] TeV for CTA and above 1 TeV for KM3NeT. The corresponding analytical parameterizations are reported in Tab. 1 and in Tab. 2 for CTA and KM3NeT, respectively. The KM3NeT angular resolution is for ν µ charged current events and the muon neutrino effective area (six blocks) corresponds to triggered events with a zenith angle greater than 80 • , averaged over both ν µ andν µ . The same trigger conditions are exploited for the background rate computation. The atmospheric muon neutrino background here considered accounts for the conventional component from light meson decay [23] and for contribution from heavy hadrons [24] . For the details on the CTA IRFs and their parameterizations, the reader is referred to [9] . lution is a very important goal as well: in neutrino telescopes, the energy of the muon is reconstructed through the energy deposited in the detector, therefore it is only a lower limit to the true neutrino energy. The energy resolution obtained for muon events fully contained in the detector is 0.27 units in log 10 (E µ ) for 10 TeV ≤ E µ ≤ 10 PeV [10] . The case of cascade events provides a better energy resolution, given that they develop entirely very close to the interaction point.
The effective area of the detector to up-going events is given in Fig. 1 (top-right): it refers to the 6 building blocks configuration of the KM3NeT detector. This will correspond to an effective area of ∼ 1000 m 2 at high energies, where the long muon range extends the volume within which neutrino interactions can be detected. An analytical representation of this effective area is given in Tab. 2, valid for E ν ≥ 1 TeV; similarly, an analytical representation of the track angular resolution is given in the same table. Some words of caution are mandatory here: the effective area strongly depends on the source position and on the background conditions, which affect in a crucial way the selection of events. Moreover, optimized selection is usually dependent on the specific analysis: in order to properly evaluate the detector performances, detailed simulations of such features are necessary, which are performed by the Collaboration itself. Such a tailored selection might result into a relevant improvement of the instrument sensitivity. The effective area used in the following refers to triggered events, reconstructed with a zenith angle greater than Table 1 : Energy dependent analytical parameterizations for the angular resolution (σ PS F ), the effective area (A e f f ) and the background rate per solid angle after the rejection cuts (BgRate) of CTA, as reported in [9] . These formula have been obtained as best-fit to the publicly available IRFs for a possible layout of the CTA Southern array [22] . The energy range of validity is from 50 GeV to 100 TeV. For the details of the IRFs as obtained by the CTA Collaboration, the reader is referred to [26, 21] .
CTA response parameterization, with x = log 10 (E/1 TeV) Table 2 : Energy dependent analytical parameterizations for the angular resolution (σ PS F ), the effective area (A e f f ) and the background rate per solid angle (BgRate) to track-like events for the six building block configuration of KM3NeT. The effective area and background refer to the event selection after the cut on the zenith angle: only reconstructed up-going muons are considered. See [10] for the details. The energy range of validity is E ν ≥ 1 TeV.
KM3NeT response parameterization, with x = log 10 (E/1 TeV)
• , as presented in [10] . For the sensitivity estimation we adopt the conservative approach of considering sources below the horizon, since this is the cleanest procedure to identify a signal, providing a high suppression of the background atmospheric muon flux. The remaining atmospheric neutrino flux is composed of two contributions: a conventional component, due to the decay of light mesons from atmospheric air showers, and a prompt component due to the decay of charmed hadrons. The atmospheric neutrino background is evaluated following [10] , with the conventional model from [23] and the prompt model from [24] , which becomes dominant over the conventional flux at E ν > 1 PeV: the expected up-going neutrino background rate is shown in Fig. 1 (bottom) while the corresponding analytical parameterization is reported in Tab. 2.
Sensitivity to extended sources
A common procedure for gamma-ray and neutrino telescopes is here introduced for the computation of the sensitivity curves: the same analytical approach is applied to the two detectors to calculate their sensitivities to facilitate their comparison. For calculations of the minimum detectable fluxes of gamma-rays and neutrinos we use the relevant functions from Tab. 1 and Tab. 2. Note that the curves shown in Fig. 2-5 correspond to the differential sensitivities: the per bin sensitivity allows not only the identification of a source but also its spectroscopic analysis. Since the sensitivity curves have to be compared point by point, we use the same energy binning for both the gamma-ray and the neutrino sensitivities. We define three bins per logarithmic decade, so that the energy resolution of both instruments is covered in each bin. The minimum detectable flux is defined as the flux that gives in each energy bin: 1) a minimum number of signal events, N min s ; 2) a minimum significance level of background rejection, σ min ;
3) a minimum signal excess over the background uncertainty level.
Therefore, the instrument sensitivity is fixed by the one condition among the three listed above which dominates over the other two. The number of signal events, N s , is obtained through the folding of an E −2 power-law spectrum with the instrument response. We set N min s = 10 for CTA and N min s = 1 for KM3NeT. The significance level of the detection is expressed by the standard deviation σ, defined as:
where N b is the number of background events in the energy bin. The threshold on the minimum number of σ is set to σ min = 5 for the gamma-ray telescope and to σ min = 3 for the neutrino telescope. The values of N min s and σ min are reduced in the case of neutrino telescopes in order to investigate the limits of the source detection capability, given that neutrino astronomy is not properly yet at its dawn. However, we have to keep in mind that each energy bin is satisfying all the above criteria: therefore, for instance, a differential 3σ requirement corresponds to an actual higher significance in the energy bins where this is not the dominant condition.
Concerning the condition on the background uncertainty, in the case of CTA we assume a 1% systematic uncertainty on the modeling of the background and require a signal of at least five times this background accuracy level, i.e. N s /N b ≥ 0.05, following the approach adopted by CTA [26] . In the case of neutrinos, instead, we follow the approach adopted by KM3NeT in [10] and assume a 25% background systematic uncertainty, mainly related to uncertainty in the theoretical modeling of the atmospheric neutrino background. This uncertainty might be reduced in the future, adopting a data-based evaluation of background fluctuations. Therefore, in the neutrino case, a signal of at least three times higher than the background accuracy is assumed: this converts into requiring a signal to background ratio of at least N s /N b ≥ 0.75. Moreover, to account for the statistical fluctuations of the background, the number N b is randomized according to a Poissonian distribution, with the results being averaged over 1000 realizations of the sensitivity estimation. An observation time of 50 hours is assumed for the gamma-ray telescope, while 10 years are assumed for the neutrino telescope.
Note that the sensitivities are calculated without optimization of the tools for reconstruction of characteristics of primary particles and without exploring different dedicated background-rejections methods. A precise estimation of the CTA capabilities for the detection of extended sources would require a complete 3D analysis and the study of sub-structures on arcminute scales, as the arcminute PSF of CTA would permit to resolve the morphological details of many extended sources beyond the disk-like structure here considered. To our knowledge, such studies are currently being conducted by the CTA consortium. However, morphological studies are not an easy task for neutrino astronomy, because of the fainter flux when only a reduced part of the source is considered. As from the neutrino side, tailored background rejection techniques targeted to the suppression of atmospheric muons and neutrinos might be included at the analysis level: for instance, vetoing few external layers of the detector has been demonstrated to be effective in rejecting background muons [5] . Furthermore, the same technique constitutes a powerful method to reject also downward-going atmospheric neutrinos, through the identification of the accompanying muon, as proposed in [32] . However, since we here propose a comparison between gamma-ray and neutrino telescopes, throughout this work we limit our estimation of the instrument potentials to the analysis technique previously described.
Source angular extension
The radial dimension of the extended source strongly affects the sensitivity for their detection. We consider here eight different source sizes, i.e. R src = [0.1, 0.2, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0] deg. The largest size has been fixed as a conservative threshold value for which the degradation of the CTA response with the offaxis angle does not play a significant effect and therefore the IRFs meant for sources located close to the center of the FoV are still valid (see e.g. [33] for a study on the expected CTA off-axis performance). Publicly available IRFs for objets placed off-axis have not been released by the CTA consortium yet. However, an estimation of the worsening of the CTA sensitivity due to the off-axis pointing of point-like sources is presented in [22] . On the basis of this result, we evaluate a correction factor to the flux sensitivity for objects with an extension of up to 2 deg. This is presented in Appendix A, in the energy bins where the CTA results are available: we show that the sensitivity worsening is always lower than a factor of two, even for sources as large as 2 deg. In the sensitivity computation, the angular resolution σ PS F affects the actual size of the observed region of interest (ROI). We define the radius of the ROI as:
We consider spherical sources placed at the center of the FoV, covering a solid angle Ω = πR 2 ROI for the background computation. The resulting sensitivity curves are shown in Fig. 2(a) for the gamma-ray telescope and in Fig. 2(b) for the neutrino detector. Previous works on the potential of current neutrino telescopes to observe extended sources [34, 35] show that the next-generation neutrino telescope will push sensitivity limits down by more than an order of magnitude with respect to current instrument sensitivities.
3.2. Discussion on sensitivity curves Fig. 2(a) and Fig. 2(b) demonstrate that the deterioration of the sensitivity with source size shows an energy dependence for both instruments. In principle, a simple re-scaling of the point-source sensitivity according to the actual extension of the source (i.e. through an energy-dependent scaling-factor proportional to R ROI /σ PS F ), would predict a stronger deterioration of the sensitivity for extended objects at energies at which the angular resolution is smaller. Thus, since the angular resolution is improved with energy, one would expect a stronger effect at higher energies. Nevertheless, Fig. 2 does not show such a tendency for both telescopes. The reason being that at very high energies the detection of the signal proceeds at the very low background rate, thus the detection condition is determined by the signal statistics rather than by the background, i.e. by condition 1) listed in Sec. 3. Indeed, it is seen from Fig. 2 that the sensitivities become almost independent of the source extension at a few tens of TeV for both gamma-rays and neutrinos. According to the same arguments, one would expect a reduced dependence on the object size at low energies, where the angular resolution worsens. Nevertheless, at these energies, we find the maximum deviation between different sizes. This is because at lower energies, the sensitivity depends on the background as N s / √ N b ∝ N s /R ROI when the condition 2) holds (at intermediate energies), while it follows a N s /N b ∝ N s /R 2 ROI dependence when the background systematics are mainly affecting the signal identification, such that condition 3) dominates (at the lowest energies). Consequently, the increase of degradation with source size is maximized at the lowest energy, as the sensitivity deteriorates as ∝ R 2 ROI . This is especially evident in the case of CTA, while a less significant degradation with the source size takes play in the case of KM3NeT. The reason for this difference lies in the fact that, contrary to CTA, the ROI that defines the KM3NeT angular search window at the lowest energies is dominated by the size of instrument PSF. Consequently, the KM3NeT angular resolution affects the minimum detectable flux as long as R src < σ PS F , with σ PS F 0.7 deg around 1 TeV. In summary, we see a deviation with increasing extension of the source size which is maximum at low energies, reduces towards higher energies, and eventually disappears at the highest energies. 
The case of RX J1713.7-3946 and the Galactic Center Ridge
As the origin of the cosmic-ray flux measured on Earth is still a matter of debate, it is mandatory to investigate sources which might be responsible for it. Galactic sources are believed to contribute up to energies of about 1 PeV, where the so called knee is located. Among them, young SNRs represent promising candidates, given that the strong shocks produced during the supernova explosion might be able to accelerate particles, as predicted in Diffusive Shock Acceleration (DSA) scenarios [36, 37] . However, the lack of observational evidence of PeV protons from such objects doesn't permit yet to firmly establish the SNR paradigm for the origin of Galactic cosmic rays, and future gamma-ray and neutrino observations are needed to further constrain theoretical models. In this regard, the recent claim of a PeVatron in the center of our own Galaxy [19] opens a new possibility to explain the flux of cosmic rays below the knee and deserves a deeper investigation, both from the gamma-ray and the neutrino side. For these reasons, in this Section we discuss the case of two bright extended gamma-ray sources: the young SNR RX J1713.7-3946 and the Galactic Center Ridge. In the following, the muon neutrino fluxes expected from these sources are computed according to the model in [38] , assuming a 100% hadronic origin of the measured gamma-ray flux and no internal absorption. Both the measured gamma-ray and expected neutrino fluxes are shown together with the detector sensitivity curves. Fluxes are reported in a binned form, such that it is directly possible to compare the expected source flux in a given energy range with the detector sensitivity in the same band. These binned fluxes are defined as:
where ∆E = E max − E min represents the amplitude of the logarithmic bins used in the sensitivity computation. The fluxes are reported together with the associated error bands. In the case of gamma rays, we consider the statistical errors of the estimated spectral parameters and then, for each energy bin, we compute the upper/lower band as the curve defined by the combination of parameters (± statistical errors) for which the flux is maximized/minimized. The same approach is adopted also for the neutrino flux error bands: a scanning of the neutrino fluxes resulting from all the different combinations of gamma-ray parameters is performed and the maximum/minimum neutrino flux computed.
RX J1713.7-3946
The case of this source is of great interest for neutrino telescopes, given that it is the brightest SNR in the TeV sky. Moreover, its location in the sky makes it observable with up-going events at the latitude of KM3NeT for 70% of the time. The recent data from the H.E.S.S. Collaboration [39] suggest a spectrum in the form of a power law with exponential cutoff:
06 and E cut = 12.9 TeV for the best-fit model. Note that the best-fit flux of the source, published in the previous paper [40] of the H.E.S.S. collaboration, with the parameters φ 0 = 2.13 × 10 −11 TeV −1 cm −2 s −1 , α = 2.04 and E cut = 17.9 TeV, predicts noticeably higher flux of neutrinos at the most relevant energies for the detection of neutrinos, E γ ≥ 10 TeV. This is visible in Fig. 3(a) , where the expected neutrino fluxes from both H.E.S.S. measurements are shown together with the flux sensitivities of the two instruments for a source with a radius of 0.6 deg. High quality spectroscopic measurements of gamma rays at the highest energies are still missing, due to the limited sensitivity of current instruments. The uncertainty on the gamma-ray flux above ∼ 10 TeV is expected to be substantially diminished through CTA observations on the source, for a rather short time. Remarkably, even for the lowest predicted neutrino flux, a statistically significant detection of the latter by KM3NeT seems realistic for timescales of 10 years. This is well in agreement with the lack of events from RX J1713.7-3946 by the current generation of neutrino telescopes, whose upper limits on its neutrino flux amounts to 6.7×10 −12 TeV cm −1 s −1 in the case of ANTARES [41] , and to 9.2×10 −12 TeV cm
for the IceCube detector [42] . Note that KM3NeT consists of a phased and distributed infrastructure, whose next-phase is the so-called ARCA configuration: an array made of two building blocks, whose completion is planned by 2020. In Appendix B we investigate the possibility of a neutrino detection from the SNR with the ARCA detector, since it represents a timely study and permits a meaningful comparison with what foreseen by the KM3NeT collaboration, as reported in [10] .
The Galactic Center Ridge
Another promising object from the point of view of multi-TeV neutrino detection is the Galactic Center Ridge. The observations with the H.E.S.S. telescope revealed the presence of a diffuse emission component from a 200 pc region around the Galactic Center [43, 19] . The hard energy spectrum of the emission extends well above 10 TeV without any indication of a spectral break or cutoff [19] . If the emission is hadronic, neutrinos are expected as well and this source is another candidate to be detected by KM3NeT [20] . The H.E.S.S. measurements of the Galactic Center Ridge spectrum, as recently reported in [44] , point toward an unbroken power-law of the form:
28. This spectrum corresponds to the region |l| ≤ 1.0 deg, |b| ≤ 0.3 deg. The estimation of the sensitivities is done for the same sky region, namely a rectangular box with longitudinal size of 2.0 deg and latitudinal size of 0.6 deg. The results are shown in Fig. 3(b) , where three neutrino spectra are calculated: the unattenuated power law that closely follows the gamma-ray measurements and two more spectra obtained assuming an exponential cutoff in gamma-rays at 100 TeV and 1 PeV. One can see that only for the case for which the location of the gamma-ray cutoff energy is beyond 100 TeV, does the gamma-ray data guarantee a statistically significant detection of the counterpart neutrinos by KM3NeT. The gamma-ray flux above 100 TeV is too weak to be detected by the H.E.S.S. telescopes, even after a decade of continuous monitoring of this region. The exploration of this energy domain requires a more powerful gamma-ray instrument such as CTA. This can be seen in Fig. 3(b) . However, it is necessary to note that gamma-rays, even in the case of their effective production above 100 TeV, hardly can escape the Ridge because of the absorption through interactions with the enhanced far infrared radiation fields in the central 100 pc region. Thus it is likely that the neutrinos remain the only messengers of information about the cosmic-ray protons with energies more than 1 PeV. This opens a unique opportunity for KM3NeT to provide a major contribution to the exploration of the cosmic-ray PeVatron in the Galactic Center.
The second HAWC catalog
Beyond the search for neutrino emission from individual sources, population studies are expected to provide a deep comprehension of the acceleration mechanism acting at the source. We analyze here the recently published second High Altitude Water Cherenkov (HAWC) catalog of TeV sources, as reported in [45] , discussing the capability for neutrino telescopes to investigate such fluxes. A total of 39 VHE gammaray sources are reported in the catalog, both galactic and extra-galactic: of these, two are associated with blazars, two with SNRs, seven with pulsar wind nebulae (PWNe). Of the rest, 14 have possible associations with SNR, PWN, and molecular clouds, while the remaining 14 are still unidentified. With respect to other TeV catalogs from IACT arrays, a HAWC extended source is actually a sky region where more sources might be overlapping, given the poor angular resolution with respect to IACT. We consider all the emission coming from such a region as a single source, given that neutrino telescopes have a quite similar angular resolution to water-based Cherenkov gamma-ray instruments. Several sources reported in [45] are tested under different angular extension hypotheses, leading to different spectral fits: the spectral fit corresponding to the more extended source assumption is considered here. Furthermore, Geminga is flagged twice in the HAWC catalog (both as a point-like and as a 2 deg extended object): therefore, the final list counts a total of 40 gamma-ray emitters. In the view of a neutrino detection, the sensitivity of the KM3NeT detector to upward-going track events for different angular extension of HAWC sources has been studied. Although this is not the best source sample to be investigated with KM3NeT through upgoing muons, given their sky position, nonetheless we here consider it since it is interesting to exploit sources not previously detected in the TeV energy region. The sensitivity of KM3NeT is reported in Fig. 4 and Since we are considering only sources below the horizon, the source visibility needs to be taken into account. The sources with more than 50% visibility at the KM3NeT latitude are constituted by 2HWC J1809-190, 2HWC J1819-150, 2HWC J1814-173, 2HWC J1825-134, 2HWC J1844-032 and 2HWC J1837-065. The inclusion of down-going events, with specific analysis features allowing the reduction of the atmospheric muon background, will permit to include in the analysis the whole data-taking period: in this case, however, the selection efficiency would further reduce the triggered sample by a factor of a few. Finally, in the case of two degree extended sources, the cascade channel might be added, given that the source dimensions are comparable to the shower angular resolution at high energies (about 2 • on average). A combined track and cascade analysis is thus the most effective strategy to pursue the goal of identifying neutrino sources in case of very extended objects.
Discussion and conclusions
In this work we investigated the discovery potential of extended sources by the future KM3NeT, in relation to the constraining power of the next-generation gamma-ray telescope, CTA. Unless multi-TeV photons are absorbed inside the sources or during their propagation through the interstellar or intergalactic radiation fields, gamma-ray observations can safely be considered a powerful tool to explore the potential for finding astronomical neutrino sources. In order to accomplish this purpose, we here explored the sensitivities of both instruments to extended sources. We here arrived to the following conclusions: (i) the sensitivity to extended sources shows a degradation with increasing source angular size such that it is maximum at low energies, reducing at intermediate energies and tending to disappear at very high energies; (ii) the most important energy region for the detection of neutrino sources is above 10 TeV. In this energy region, we see no strong dependence of the CTA minimum detectable gamma-ray flux with source size, with a comparison of the performances of the two instruments showing that above this energy a joint exploration of the VHE sky in gamma rays and neutrinos will be possible. Nowadays, we do have gamma-ray observations above 10 TeV, as the surveys of the Galactic Plane realized by the current ground-based telescopes, HAWC and H.E.S.S. These observations are already constraining from the point of view of their counterpart neutrino detection. However, still room is available for the presence of Galactic neutrino emitters. In the near future CTA will explore the entire Galactic Plane in the 10-100 TeV energy domain, which is critical for Galactic sources, since most of them appear to have a spectrum with a cut-off around an energy of 10-50 TeV. Therefore, CTA will significantly reduce the limits on the neutrino source expectations, setting conclusions on possible Galactic neutrino emitters through its extremely strong constraining power. Our analysis shows that, assuming a source emitting a gamma-ray E −2 differential energy spectrum through a fully hadronic mechanism, a minimum gamma-ray flux of E 2 φ γ (10 TeV) > 1 × 10 −12 TeV cm −2 s −1 is necessary in order for its neutrino counterpart to be detectable with a 3σ significance on a time scale of 10 years with KM3NeT. This result assumes that the source has an angular size of R src = 0.1 deg. In the extreme case of a source with a radial extent of R src = 2.0 deg, only sources brighter than E 2 φ γ (10 TeV) > 2 × 10 −11 TeV cm −2 s −1 will be within the reach of neutrino telescopes. These estimates (obtained according to Eq. 34 in [38] ) are very weakly dependent on the source spectral index and are consistent with previous evaluations performed in [46] for the case of point-like sources. In particular, RX J1713.7-3946 and the Galactic Center Ridge remain potential sources for neutrinos. We found that a decade of observations is required for a 3σ (in each energy bin) neutrino detection from the SNR and from the most optimistic set of parameters considered for the Galactic Center Ridge (a cut-off in the gammaray spectrum at energies above 100 TeV).
We would like to emphasize that the instrument performances here presented come as an original study done by the authors: more sophisticated analysis approaches tailored to the detection of extended objects might be developed by the CTA and KM3NeT Collaborations, leading to improved sensitivities with respect to that found in this work. However, in the energy domain relevant for a multi-messenger observation of VHE extended sources (i.e. above 10 TeV), the differences with the results here reported are not expected to be significant. This is due to the signal detection being determined by the limited statistics, with the main uncertainty residing in the knowledge of the instrument collection area.
Appendix A. Off-axis sensitivity
The sensitivity study performed through this paper assumes that the source is located in the center of the CTA FoV. However, in the case of extended sources, a degradation of the telescope performances should be accounted for, since part of the source would result displaced from the FoV center. In this Section we estimate a correction factor to be applied to the CTA sensitivity curves shown in Sec. 3, in order to take into account the degradation of the instrument response due to the offset of the source. We consider the publicly available results of the CTA Southern array for what concerns the point-source detectability off-axis, as reported in [22] . Here, the instrument point-source off-axis sensitivity relative to the one at the center of the FoV is presented in four different energy bins (i.e. 50 − 80 GeV, 0.5 − 0.8 TeV, 5 − 8 TeV and 50 − 80 TeV). In the same energy intervals we evaluate the correction factor F as the average value of the CTA expectations over the total extension of the objects. The objects with total radius R ROI (see Eq. 2) are treated as composed by concentric annuluses with size 2σ PS F , where σ PS F is the mean value of the angular resolution in each of the four energy bins. Opting for a conservative approach, we consider a set of N annuluses, with N the smallest integer such that the radius of the source can be expressed as a finite multiple of the instrument angular resolution, so that N · (2σ PS F ) ≥ R ROI . The contribution of each annulus to F is then weighted according to the area of the ring A ring itself, yielding to the definition of F as:
where f i is the value of relative worsening at a fixed distance from the camera center, as inferred from [22] .
In Fig. A.1 the estimated correction factor F is shown for sources with an extension ≥ 0.5 deg, as for smaller distances to the camera center the telescope sensitivity does not suffer any significant worsening (i.e. F = 1). The worsening of sensitivity is less than a factor of two, even for the largest source extension considered in this paper, i.e. 2 deg, in the lowest energy interval. 
Appendix B. The 4 years ARCA sensitivity
In this final Section, we explore the possibility of a neutrino detection from the extended source RX J1713.7-3946 (described in Sec. 4) on a short-term time scale through the ARCA detector: this infrastructure will be composed by two KM3NeT building blocks, for an effective volume of a cubic kilometer, representing the next-phase (the so called Phase-2.0) of the KM3NeT project [10] . As stated in [10] , the neutrino emissions from SNR RX J1713.7-3946 might be investigated at 3σ significance in 4 years of observations through ARCA. The estimation of the differential sensitivity of such an instrument for the detection of a neutrino signal from the extended region of the SNR RX J1713.7-3946 has been performed according to the procedure described in Sec. 3, therefore considering the source angular extension equal to R src = 0.6 deg. In order to show a comparison with the expectations reported in [10] , an observation time of 4 years is here assumed. The resulting minimum detectable flux is shown in Fig. B.2 , together with the binned muon neutrino fluxes from the source calculated according to the model in [38] . The result in [10] is well consistent with our evaluation: when considering integrated sensitivity studies, a 3σ neutrino detection from the SNR is an achievable goal with 4 years of data taking. However, a spectrometric study of the neutrino emission form this source would require a larger instrumented volume as well as a longer exposure.
